The authors report an unusual case of a widely metastatic glioblastoma. DNA copy number microarray profile of the resected specimen revealed complex rearrangements found throughout chromosome 6, a phenomenon known as chromothripsis. Such chromothripsis pattern was not observed in 50 nonmetastatic glioblastoma specimens analyzed. Analysis of the 1000+ gliomas profiled by The Cancer Genome Atlas (TCGA) data set revealed one case of chromosome 6 chromothripsis resembling the case described here. This TCGA patient died within 6 months of undergoing tumor resection. Implications of these findings are reviewed in the context of the current literature.
G enomic rearrangements are characterized by joining of segments of DNA that are discontinuous in the normal genome. Most solid tumor genomes can harbor tens to hundreds of these rearrangements scattered throughout the altered genome.
14 Interestingly, recent advances in high-throughput genomics and informatics have revealed that in 2%-3% of solid tumors, hundreds of chromosomal rearrangements can be found clustered in one or a few chromosomal regions. 23 The term chromothripsis has been coined to capture this phenomenon, because the clustering of rearrangements suggests that the region involved was "shattered" into little pieces at a point during tumor evolution and rejoined in a manner that failed to recapitulate the normal genome. 8, 23, 36 Typically, these rearrangements lead to inactivation of genes or noncoding RNAs that are present in the involved region, though in rare instances the genomic rearrangement can result in gene activation or gain of novel functions. 8, 23 Cells that survive such a catastrophic event emerge with a highly rearranged genome that can confer selection advantages. 20, 23, 24 Here we report the case of an unfortunate patient who suffered from a widely metastatic glioblastoma. DNA copy number microarray (OncoScan, Affymetrix) profile of the resected specimen revealed chromothripsis of chromosome 6. Such a chromothripsis pattern was not found in 50 nonmetastatic glioblastomas treated at the senior author's institution. One comparable case of chromosome 6 chromothripsis was seen in 1000+ gliomas within The Cancer Genome Atlas (TCGA) data set, and the patient with this condition died within 6 months of undergoing tumor resection. Given previous reports demonstrating that the metastatic potential of cancer cells is suppressed by transfer of chromosome 6 21, 26, 27, 39 and enhanced by inactivation 2, 6, 11, 29, 34, 40 and given that chromothripsis often inactivates genes present in regions involved, we propose chromothripsis of chromosome 6 as a mechanism contributing to glioblastoma metastasis.
Case Report
This patient is a 23-year-old man who underwent resection of a hemorrhagic cerebellar lesion 6 months prior to presentation (Fig. 1A and B) . Postoperative findings were notable for a pseudomeningocele (Fig. 1C and D) that spontaneously resolved after a month. Pathological examination of this cerebellar lesion indicated an anaplastic oligoastrocytoma, and the patient was started on a course of temozolomide therapy. Surveillance imaging 6 months after the initial procedure revealed two extracranial, heterogeneously enhancing masses ( Fig. 2A and B ) located at the site of the previous pseudomeningocele. The lesions were resected and the pathology revealed glioblastoma ( Fig. 2C -E and G) with invasion of the surrounding musculature ( Fig. 2E and F) . Greater than 90% of the tumor cells from these specimens stained positive for Ki 67 (Fig. 2H ). Isocitrate dehydrogenase 1 immunostaining was negative.
The patient was treated with involved-field irradiation, but he developed multifocal metastatic lesions including additional lesions in the neck musculature (distant to the previous lesions) and multiple spinal (osseous and leptomeningeal) lesions ( Fig. 3A-C) . CT of the chest, abdomen, and pelvis revealed no metastatic involvement of other organs. Avastin therapy was initiated, and the patient died 2 months later.
The resected primary lesion was characterized by targeted sequencing of 47 cancer-pertinent genes (Supplemental Table 1 ) and by DNA (OncoScan) copy number microarray analysis. 9 Targeted sequencing revealed a guanine-to-adenine transition at nucleotide 1633 of the phosphoinositol 3 kinase alpha subunit, resulting in a glu- tamic acid to lysine substitution at amino acid position 545 (PIK3CA c.1633G>A (p.E545 K)). This amino acid position, which localizes to the helical domain, is a known mutational hotspot within PIK3CA. This is the most frequently observed PIK3CA mutation in multiple cancer types and has been shown to result in increased kinase activity and induce tumor formation in multiple experimental systems. 13, 19, 38 The OncoScan profile revealed deletions at 1q, 10q (encompassing the PTEN locus), 12q, 13q, 14q, 15q, 16p, 16q, 17p (encompassing TP53), 18q, and 21q, and chromothripsis of chromosome 6 (Fig. 4) . We compared the OncoScan results of this metastatic glioblastoma to those derived from 50 consecutive nonmetastatic glioblastomas treated at the same institution and found chromothripsis of chromosome 6 to be the only genomic feature unique to this metastatic glioblastoma. Analysis of the 1000+ lowgrade gliomas and glioblastomas in the TCGA data set revealed only one case of chromosome 6 chromothripsis of comparable severity (Fig. 5) . This TCGA patient died within 6 months of resection.
Discussion
While the interpretation of "N of 1" studies warrants extreme caution, thoughtful consideration of these studies has yielded insights that that have led to significant scientific advances. 22 It is in this context that we present our finding of chromosome 6 chromothripsis in a metastatic glioblastoma specimen. Despite the aggressively infiltrative nature of high-grade glial tumors, secondary metastasis to non-CNS sites is exceedingly rare, especially to the skin and soft tissue. In our literature search, we have identified a total of 19 (Table  1) . Given the rarity of the phenomenon, it is of no surprise that its etiology remains poorly understood. While seeding secondary to surgical manipulation has been suggested as a potential mechanism, 35 and this process may explain the tumor recurrence at the site of the postoperative pseudomeningocele in our patient, we cannot exclude the possibility of microscopic systemic metastasis because of the subsequent development of distant soft-tissue and multifocal osseous lesions. In fact, rare cases of glioblastoma metastasis in the absence of surgical manipulation 3, 16 suggest that the inherent genomic landscape of the cancer may be contributory to its metastatic potential.
Consistent with this hypothesis, genomic analysis of the metastatic glioblastoma specimen revealed a highly unusual genomic rearrangement pattern that was not observed in 50 consecutive nonmetastatic glioblastomas treated at the same institution-the chromothripsis of chromosome 6. TCGA analysis confirmed the rarity of chromosome 6 chromothripsis in clinical glioblastoma specimens. While there are no clinical annotations of glioblastoma metastasis for this TCGA patient, the poor clinical course (6-month overall survival after resection) is consistent with an aggressively infiltrative tumor.
These findings are particularly intriguing in the context of a substantiated body of literature that microcellmediated transfer of chromosome 6 into human cancer cell lines suppresses metastatic potential. 21, 26, 27, 39 Moreover, inactivation or loss of key genes present on chromosome 6 greatly facilitates the metastatic potential of cancer cells. 2, 6, 11, 29, 34, 40 Since chromothripsis most commonly results in inactivation of genes or noncoding RNAs present in the involved region, our findings suggest that chromothripsis of chromosome 6 may inactivate key metastasis suppressor genes and facilitate glioblastoma metastasis. While the proposed hypothesis is intriguing, it is conceivable that other mutational events, including those not characterized by our gene panel or DNA copy number microarray, play contributory roles to glioblastoma metastasis. As such, clinical and experimental validations of the findings presented in this case report are warranted.
Conclusions
Chromothripsis of chromosome 6 may facilitate the metastatic potential of glioblastoma cells. 
FIG. 4.
OncoScan chromosomal analysis results. Karyotype (A), log-ratio (B), and B-allele (C) frequency plots demonstrate chromosome 6 chromothripsis. Multiple copy number abnormalities and several large regions of loss of heterozygosity (LOH) were also found, including loss of 1q, deletion of distal 10q including the PTEN locus, and 17p LOH including the TP53 locus. Also noted were deletions of 13q, 14q, 15q, and 16q; copy gains were noted at distal 12q and proximal 18q. No high copy gains or regions of amplification were identified. chr = chromosome. 
